ABSTRACT. The mature female rat has three times the hepatic bile salt sulfotransferase (BSS) activity compared with male rats. This study examined the changes in two hepatic BSS isoenzyme activities during sexual maturation, and the role of estrogen in development of sex differences in BSS activities in mature rats. DEAE-Sephadex A-50 chromatography of hepatic cytosol from prepubescent pups revealed that more than 90% of total BSS activity was due to BSS I activity relative to BSS 11, similar to postpubertal females. Sex differences in total BSS activities and the isoenzyme patterns developed after the onset of puberty at 30-35 days of age. BSS I was still the predominant isoenzyme in the adolescent female, similar to the prepubescent pup and mature female. In contrast, BSS I activity declined in adolescent males, which appeared to explain the fall in total BSS activity to only one-third of that of the female by maturity. BSS I1 activity was similar in both sexes at any age. Estrogen treatment of postpubertal male rats rapidly increased hepatic BSS capacity by enhancing BSS I activity producing an isoenzyme pattern similar to the mature female. This rapid enhancement of BSS I by estrogen was blocked by actinomycin D and puromycin. We concluded that I ) sex differences in BSS activities that develop during adolescence were in part due estrogenmaintaining BSS I activity in females and 2) estrogen regulates the synthesis of BSS I at a translational (or pretranslational) level. (Pediatr Res 24: 247-253, 1988) Abbreviation PAPS, 3'-phosphoadenosine-5'-phosphosulfate EDAC, 1-ethyl-3-(-3-dimethyl amine propyl) carbodiimide Sulfation by hepatic bile salt sulfotransferases is an important determinant of the metabolic fate and physiologic effects of monohydroxy bile acids in developing and mature mammals (1, 2) . Lithocholate, which originates from the bacterial dehydroxylation of chenodeoxycholate in the intestines, causes cholestasis under various experimental conditions in animals (3) . Hepatic sulfation of lithocholate and other monohydroxy bile acids increases the fecal and urinary excretion of these potential hepatotoxins preventing their accumulation in the enterohepatic circulation ( 1, 2) . ' Received September 14, 1987 ; accepted April 18, 1988. Correspondence and reprint requests Robert E. Kane, M.D., Pediatric Gastroenterology. St. Louis University Medical School. 1465 South Grand Boulevard, St.
In utero, hepatic sulfation of maternal-derived lithocholate and fetal monohydroxy bile acids results in sequestration of these potential hepatotoxins in the distal intestines in meconium (4). It is suggested that immaturity of hepatic sulfation by the fetal and newborn liver explains the progressive hepatic necrosis and bile duct injury observed in the offspring during maternal bile acid feeding in rodents (5, 6) and primates (7, 8) and may play a role in cholestatic liver disease in infants (9) .
Age-related changes in bile salt sulfotransferase activity are observed during development in the rat; the sulfotransferase activity is very low in the fetal and newborn pups, but rises rapidly in the first weeks of life until a peak of activity at the time of weaning (6, 10) . Sex-related differences in activity develop after the onset of puberty, resulting in 3-fold greater sulfotransferase activity in mature females compared with males (6, (10) (11) (12) .
The presence or absence of ovarian estrogens appear to be a major determinant in the sex differences in bile salt sulfotransferase activities in postpubertal rats. Oophorectomy results in a decline in sulfation capacity in mature females, whereas treatment of males with ethinyl estradiol or estradiol benzoate for 10-42 days enhances sulfotransferase activity (10) (11) (12) (13) (14) . The estrogen stimulation of bile salt sulfotransferase activity occurs with doses that do not cause cholestasis, and this enhanced activity correlates with the increased excretion of bile salt sulfates in bile (11, 15) .
We have identified two bile salt sulfotransferase isoenzymes (I and 11) in rat hepatic cytosol that have the same apparent molecular weight, but different isoelectric points, substrate activities, and sex distribution (12) . Bile salt sulfotransferase I activity is enhanced by estrogen, and contributes 90% of total sulfotransferase capacity in females versus about 30% in males (12) . Bile salt sulfotransferase 11, the predominate isoenzyme in males, has similar activity in both sexes and is not apparently influenced by gonadal hormones.
-
Collins et al. (16) recently used a monoclonal antibody to purify and characterize a bile salt sulfotransferase in rat hepatic cytosol which contributes 90% of sulfation capacity in females and 40-50% of activity in males. This purified bile salt sulfotransferase exhibits activity for hydroxysteroids as well as bile acids (16) , and its activity is regulated by estrogens and androgens (1 5).
In this study, we examined the pattern of sexual differentiation of two bile salt sulfotransferase isoenzyme activities during development, and the mechanism of estrogen enhancement of one of the isoenzymes in mature males. Nonradioactive and radioactive PAPS were prepared using Supported by National Institute of Health Grants HD03148 and AM25970 and ~~k~~,~ yeast as described previously (12) . Additional nonra- (17) .
METHODS
Liver cytosol was prepared after the livers were excised, weighed, and quickly frozen at -20" C. The next day, 4 g of minced liver was then homogenized in 20 ml of ice-cold 0.25 M sucrose containing 5 mM Tris-HC1 (pH 7.5), 1 mM EDTA, and 10 mM mercaptoethanol using a Potter-Elvehjem homogenizer and a Teflon pestle. The homogenate was centrifuged at 105,000 x g for 60 min at 4" C and the clear supernatant removed leaving the lipid layer undisturbed. Bile salt sulfotransferase activity was assayed using glycolithocholate bound to Sepharose 4B as substrate with [35S]PAPS (mixed with cold PAPS) as the sulfate donor as previously described (1 7). The protein concentration was estimated by the method of Lowry et a/. (18) with bovine serum albumin as standard. The enzyme sp. act. was expressed as pmol of glycolithocholate sulfate/mg protein/min (mean f SE). When the assay was performed using 36-hydroxy-5-cholenoate and other bile acids, the substrate was bound to Sepharose-4B as previously described for glycolithocholate (17) . Sulfotransferase activity in DEAE-Sephadex A-50 chromatograms was expressed as ng glycolithocholate sulfate/ml/h.
A total of 4 ml of rat liver cytosol, 20% homogenate (g/100 ml) was applied to a column (1.8 x 2 cm) of DEAE-Sephadex A-50 at 5" C. The column was equilibrated with a 0.25 M sucrose solution containing 5 mM Tris (pH 7 4 , 1 mM EDTA, and 10 mM 2-mercaptoethanol, and eluted with a 0.3 M NaCl linear gradient. Fractions of 5 ml were collected, and bile salt sulfotransferase activity assayed using [35S]PAPS with an activity of 8.0 x lo5 dpm/20 p1. Protein concentration of column fractions was estimated by measuring absorbance at 280 nm. Ten fractions with the highest bile salt sulfotransferase I and I1 activities were pooled and concentrated by ultrafiltration (Diaflo PMIO, Amicon Co., Lexington, MA) EXPERIMENTAL ANIMALS Spraque-Dawley rats (Simonson Breeding Laboratories, Gilroy, CA) were used in all experiments. All procedures were approved by the University Animal Care Committee. When they died the rats were anesthetized with pentobarbital and killed by exsanguination.
Developmental studies. Dated, pregnant females were killed on day 15-1 6, 18-1 9, and 21 -22 of gestation to obtain fetal and maternal livers. The liver tissue of two fetuses were pooled for assay of total sulfotransferase activity, and eight to 10 fetal livers pooled to obtain sufficient cytosol for isoenzyme chromatograms. Other pregnant rats were allowed to deliver and six to 10 pups of each sex killed at 7, 14, 21, 28, 35, 42, and 56 days of age. Mothers and pups after weaning were maintained on standard rat food with water ad libitum. Estrogen treatment. Mature male rats (250-275 g) were injected daily with 176-estradiol, ethinyl estradiol, or estradiol benzoate dissolved in 0.2 ml propylene glycol as vehicle, or vehicle alone for controls. All injections were made between 0900-1000 h and rats killed after specified number of days.
Effect of actinomycin D andpuromycin. Estrogen-treated males
were administered either actinomycin D or puromycin to determine at what level estrogens regulate the synthesis of bile salt sulfotransferase I synthesis. Actinomycin D prevents messenger RNA transcription (19) , whereas puromycin inhibits protein translation (20) . Mature male rats were treated with either 1 ) ethinyl estradiol 80 pg/100 g body weight/day subcutaneously every morning at 1000 h; 2) actinomycin D 0.01 mg intraperitoneally at 0900 and 2100 h; 3) both actinomycin D and ethinyl estradiol at the same times as groups a and b; or 4) controls injected with propylene glycol. In another set of experiments, male rats were treated with 1 ) ethinyl estradiol 80 pg/100 g body weight/day subcutaneously; 2) puromycin 4 mg intraperitoneally at 0800, 1500, and 2200 h; 3) both ethinyl estradiol and puromycin as in I ) and 2); and 4) controls injected with propylene glycol. Rats were treated for 2 days and liver tissue removed between 0900-1000 h for enzyme assays and chromatography.
Mature female rats (150-175 g) were treated with ethinyl estradiol (50 pg/100 g body weightldose) or vehicle subcutaneously daily at 0900 h and killed to obtain liver tissue on the morning of the 8th day. Prepubertal pups (1 3 days old, 28-30 g body weight) and postpubertal rats (30 days old, 90-100 g body weight) of both sexes were injected with ethinyl estradiol(50 pg/ kg body weight) or carrier subcutaneously daily at 0900 h and killed after 5 days of treatment. The Student's unpaired t test was used for statistical analysis.
RESULTS
Sulfotransferase activity during sexual differentiation. Bile salt sulfotransferase activity toward glycolithocholate was first detectable in the fetus at 18-19 days gestation (Fig. I) . The nearterm (20-to 2 1-day gestation) and newborn pup sulfotransferase activity was only 6-10% of maternal enzyme activity, and less than one-third that of the mature male. The total sulfotransferase activity rose from birth during the first 3 wk until a peak at the time of weaning. Thereafter, sulfotransferase activity in both sexes declined until the onset of puberty at 28-35 days of life, when sex-related differences in activity become apparent. The sulfotransferase capacity in the female remained relatively constant during adolescence (28-56 days) and adulthood. In contrast, the sulfotransferase capacity in males gradually declined during adolescence to one-third of the activity of mature females by 56 days of age.
Isoenzyme pattern during sexual diffentiation. Two bile salt sulfotransferase isoenzymes were identified using DEAE-Sephadex A-50 ion-exchange chromatography of rat hepatic cytosol except in the very immature liver. Cytosols from several pups were pooled because the total sulfotransferase capacity in fetal and newborn livers was relatively low. Only one sulfotransferase activity was clearly identified in fetal and newborn pups eluting at 0.05 M NaCl ( Fig. 2A ), which corresponded with bile salt sulfotransferase I in more mature rat ( Fig. 3C and F) . Total sulfotransferase activity increased several-fold in the first week of life (Table 1 ) and a bile salt sulfotransferase I1 moiety eluting with 0.14 M NaCl was clearly identified by 7 days of life (Fig.  2C) . The glycolithocholate sulfotransferase isoenzyme patterns from 7-28 days of life in male and female rats were similar, with 70-80% of total enzyme activity present as sulfotransferase I, and 20-30% of total activity due to sulfotransferase I1 (Fig. 2 C-F) . Sex differences in the isoenzyme patterns became apparent after the onset of puberty at 30-35 days of age. In the female rat ( Fig. 3 A and B) , the isoenzyme pattern during adolescence remained similar to the 7-to 28-day pups of both sexes, and was similar to that of the mature female (Fig. 3C) . In contrast, sulfotransferase I activity declined progressively in adolescent males (Fig. 3 D-F ) similar to the decline in total sulfotransferase capacity (Fig. 1) . As a result of the decline in bile salt sulfotransferase I activity during adolescence, this isoenzyme contributed only about 30% of total activity in the mature male (Fig. 3F) with the predominant activity contributed by sulfotransferase 11. There was a 82-86% recovery of enzyme activity in all chromatograms.
Ontogeny of estrogen enhancement. also not effected by the increased endogenous estrogens during pregnancy (Table 1) .
In contrast, ethinyl estradiol treatment (50 pg/lOO g body weight/day) of mature males for only 3 days more than doubled the sulfotransferase capacity for monohydroxy and dihydroxy bile acids (Table I ). The rapid enhancement in estrogen-treated males resulted in sulfotransferase activity that was intermediate between control males and that of mature pregnant and nonpregnant females.
Comparison of estrogen preparations. Three estrogen preparations previously shown to enhance bile salt sulfotransferase activity with a variety of doses over 10-42 days (1 1 -16) were compared for their ability to rapidly enhance the sulfation capacity of males (Fig. 4) . 170-estradiol was used because it is the most potent naturally occurring estrogen. Ethinyl estradiol was compared because addition of the ethinyl group inhibits the hepatic catabolism of 17P-estradiol prolonging its metabolic effects on the liver. Conjugation with benzoate also prolongs the catabolism of 17P-estradiol by increasing its lipid solubility so that is slowly released from adipose tissue after subcutaneous injection. No significant effect was noted after 1 day of treatment with all three preparations, but ethinyl estradiol and 17P-estradiol enhanced sulfotransferase capacities 137 and 202% of controls after 2 days and 199 and 260% after 3 days of treatment, respectively. In contrast, estradiol benzoate treatment for up to 3 days minimally influenced sulfotransferase activity after up to 3 days of treatment.
The magnitude of the rapid enhancement of sulfotransferase activity by 17P-estradiol and ethinyl estradiol treatment increased proportionate to the estrogen dose ( Table 2) .
The influence of estrogen on each of the sulfotransferase isoenzyme activities was determined after chromatographic sep- 24 Fig. 2 . DEAE-Sephadex A-50 chromatography of bile salt sulfotransferase isoenzymes in developing pups from fetus until the onset of puberty at 28 days of age. A total of 4 ml of hepatic cytosol was applied to a column (1.8 x 22 cm) with a 0 to 0.3 M NaCl gradient. Five ml fractions were collected and assayed for enzyme activity (0). Incubation time varied from 30 min for fetus to 15 min for 14-to 28-day-old pups. Protein concentration was measured by absorbance at 280 mm (0). The 7-to 28-day-old isoenzyme profiles were representative of chromatograms of both sexes; fetal and newborn livers were pooled to provide adequate samples. KANE ET AL. aration and ultrafiltration (Table 3) . 170-estradiol treatment of male rats for 2 days doubled the bile salt sulfotransferase I activity when compared to controls, but did not appear to influence sulfotransferase I1 activity.
Mechanism of estrogen enhancement of sulfotransferase I. Treatment of male rats with ethinyl estradiol daily for 2 days enhanced hepatic bile salt sulfotransferase capacity 188% compared with controls (Table 4A) due to enhanced sulfotransferase I activity (Fig. 5) . Administration of actinomycin D, which prevents messenger RNA transcription, did not significantly effect the sulfotransferase capacity or chromatographic pattern when given alone. However, actinomycin D administration to estrogen-treated male rats prevented 67% of the increase in total sulfation capacity (Table 4A ) and sulfotransferase I activity (Fig.  5 ) anticipated by estrogen treatment alone.
Similarly, puromycin, which inhibits protein translation, completely blocked the anticipated increase in sulfotransferase capacity (Table 4B) , and enhancement of sulfotransferase I activity (Fig. 5) observed by estrogen treatment alone. There was a trend toward a loss in body weight and liver weight in the groups treated with actinomycin D and puromycin. DISCUSSION The results of this study clarified several aspects of the developmental changes and sexual differentiation of hepatic bile salt sulfotransferase activities. The bile salt sulfotransferase activity in the fetal and newborn liver was low with only one isoenzyme activity (sulfotransferase I) clearly identifiable. Although relatively low, this hepatic sulfotransferase activity in the mammalian liver is presumably responsible for the large quantities of monohydroxy bile acid sulfates found sequestered in fetal meconium (2, 4). The 10-fold greater sulfotransferase activity in the maternal liver could have physiologic importance protecting the maternal and fetal liver by reducing the maternal pool of lithocholate and other monohydroxy bile acids through efficient fecal excretion. The rapid rise in sulfotransferase isoenzyme activities from birth to the time of weaning parallels the increase in total bile acid pool in the immature rat (21) and maturation of the enterohepatic circulation (22) . This rapid postnatal rise in bile salt isoenzyme activities was similar to the rise in steroid and phenol sulfotransferase activities during development (23, 24) .
Sex differences in bile salt sulfotransferase activities and the * Male rats (n = 5) were injected with specified doses of an estrogen preparation subcutaneously daily (0900-1000 h) and bile salt sulfotransferase activity determined 24 h after the second dose.
t p < 0.05 compared to controls.
$ p < 0.0 1 compared to controls.
3 p < 0.05 versus estradiol benzoate.
isoenzyme patterns first became apparent during early adolescence (30-35 days of age), similar to the ontogeny of sex differences in other hepatic enzymes (25, 26) . Sex differences in steroid hormone metabolism in the rat are not seen before 30 days of age and are not completed until 42 days of age (27) (28) (29) . The sulfotransferase activity in prepubescent pups was not influenced by estrogen treatment, a phenomenon observed with other estrogen-inducible hepatic enzymes and proteins (23) (24) . This suggested that the predominance of sulfotransferase I activity in prepubertal pups resembling the mature "female" enzyme pattern was not due to the influence of gonadal hormones. The sex differences in total sulfotransferase capacities that developed during adolescence appeared to be due to a decline in sulfotransferase I in males. This decline in activity may be at least in part because testicular androgens suppress bile salt sulfotransferase activity in males ( 1 5, 30) . Daily estrogen treatment of adolescent males until maturity prevents most of this decline (12) , suggesting the fall in sulfotransferase I activity in males during adolescence was at least in part from lack of enhancement by ovarian estrogens as in the female, as well as the suppressive influence of testicular androgens on male bile salt sulfotransferase activity (15, 30) .
In contrast to the estrogen responsiveness of males and oophorectomized females (10-1 5), the sulfotransferase capacity of the postpubertal intact female was not effected by ethinyl estradiol treatment or increased endogenous estrogens during pregnancy, a phenomenon also observed for other hepatic enzymes that are estrogen-sensitive in male rats (23, 24) . This suggested *Control groups were injected with 1 ml of 0.9% NaCl intraperitoneally daily. Estrogen treatment groups were treated with 50 &/I00 g body weight/day ethinyl estradiol subcutaneously every morning at 1000 h. Actinomycin-treated rats received 0.01 mg actinomycin D intraperitoneally at 0900 and 2 100 h for 2 days. Puromycin-treated rats received 4 mg puromycin intrapentoneally at 0800, 1500, and 2200 h for 2 days. Weight expressed in g, enzyme activity expressed as pmol/mg.protein/ min (mean + SE) of five rats per group. t p < 0.05 versus controls. Table 4 . Chromatography conditions as Figure 2. that sulfotransferase I activity in the intact mature female was maximally enhanced by ovarian estrogens and cannot be further enhanced by increased endogenous or exogenous estrogens.
Estrogen enhanced bile salt sulfotransferase activity after only 2 days of treatment, which was much more rapid than previous studies using smaller daily doses for 1-4 wk (10) (11) (12) (13) (14) (15) . This rapid enhancement of sulfotransferase activity by estrogen was blocked by actinomycin D and puromycin. Actinomycin D complexes with guanine residues of DNA inhibiting DNA transcription (19) . Puromycin, a structural analog of aminoacyl-RNA, prevents translation of RNA into polypeptide sequences resulting in the production of incomplete proteins (20) . The results suggested, therefore, that estrogen primarily influenced hepatic bile salt sulfotransferase activity by regulating bile salt sulfotransferase I synthesis at a translational or pretranslational step.
A number of natural and synthetic estrogen preparations can enhance hepatic bile salt sulfotransferase activity, including nonsteroidal estrogen agonists (20) . Both ethinyl estradiol and 170-estradiol rapidly enhanced bile salt sulfotransferase I synthesis, but not estradiol benzoate. Estradiol benzoate enhances bile salt sulfotransferase activity in males after 2-6 wk of treatment (5, 6), but had minimal effect during short-term therapy. The diminished rapid response when 170-estradiol was conjugated with benzoate could be related to its increased lipid solubility and slower release systemically in adipose tissue after subcutaneous injection (30) . Thus, the ability of exogenous estrogens to alter hepatic bile salt sulfotransferase activities during short-term treatment was dependent not only on the dose, but also the estrogen preparation.
Steroid hormones can effect hepatic metabolism by several mechanisms; one major influence is the regulation of gene expression mediated through specific cytotoplasmic hormone receptors, resulting in activation of selected sets of responsive genes (32) . According to current theory, the steroid hormonereceptor complex formed in the cytoplasm translocates to the nucleus where it regulates the transcription of specific messenger RNA's coding for certain proteins (33) .
Another potential influence of steroid hormones is intrahepatic cholestasis induced by estrogens in rats and humans (34) (35) (36) (37) (38) . It is unlikely that cholestasis is the mechanism of estrogen enhancement of bile salt sulfotransferase I activity because doses 10-100 times those used in this study are necessary to induce acute cholestasis (34) (35) (36) (37) (38) . Doses of estrogen two to three times those used in this study enhance bile salt sulfotransferase activity and the excretion of bile salt sulfates in bile without inducing cholestasis (5, 6) . The exact mechanism of estrogen enhancement of bile salt sulfotransferase I synthesis is still under investigation.
The physiologic significance of the 3-fold greater hepatic bile salt sulfotransferase activity in females because of estrogen induction of the sulfotransferase I isoenzyme may be related to sex-related differences in bile acid metabolism in the rat. The concentration of chenodeoxycholate and lithocholate in serum and bile, as well as the total pool of these potentially hepatotoxic bile acids, is greater in female compared with male rats (39, 40) . The male rat has greater 60-hydroxylase activity than females and converts chenodeoxycholate and lithocholate to muricholic acid (41) . This would support the hypothesis that differences in bile salt hydroxylation versus sulfation capacities between sexes result in different predominant mechanisms to protect the liver from the accumulation of potentially hepatotoxic bile acids such as chenodeoxycholate and lithocholate. It thus appears that the induction of bile salt sulfotransferase I activity by estrogen is part of the complex influence of gonadal hormones on the metabolic activity of a number of hepatic enzymes resulting in marked sexrelated differences in bile acid metabolism in the rat.
